Background: Large postprandial glucose peaks are associated with increased risk of diabetic complications and cardiovascular disease. Objective: We investigated the effect of carbohydrate distribution on postprandial glucose peaks with continuous blood glucose monitoring (CGMS), when consuming a moderate carbohydrate diet in energy balance in subjects with type 2 diabetes. Design: Twenty-three subjects with type 2 diabetes were randomly assigned to each of four 3-d interventions in a crossover design with a 4-d washout period. Identical foods were provided for each treatment with a ratio of total carbohydrate to protein to fat of 40%:34%: 26% but differing in carbohydrate content at each meal: even distribution (CARB-E; Ȃ70g carbohydrate), breakfast (CARB-B), lunch (CARB-L), and dinner(CARB-D), each providing Ȃ125 g carbohydrate in the loaded meal in a 9-MJ diet. 
INTRODUCTION
More than 140 million people worldwide have diabetes, predominately type 2, with the prevalence of type 2 diabetes expected to double by the year 2030 (1) . In these persons, cardiovascular disease (CVD) is the leading cause of morbidity and mortality, responsible for 50 -80% of deaths (2); estimates of the risk of CVD vary from 2-fold (3) to 30-fold (4) compared with persons without diabetes.
Although glycated hemoglobin (Hb A 1C ) is a standard assessment tool to assess glucose control in type 2 diabetes, postprandial glucose (PPG) peaks were implicated as a risk factor for microvascular and macrovascular complications (4) . Endothelial dysfunction and activation of the coagulation cascade (5) are likely to be initial steps involved in producing carotid thickening (5) and atherosclerosis (6) .
Although the European Diabetes Policy group has set maximum PPG targets not to exceed either 135 mg/dL (7.5 mmol/L) to reduce the arterial risk and 160 mg/dL (9.0 mmol/L) to reduce microvascular risk (7) , the American Diabetes Association (ADA) does not provide such targets, preferring to encourage persons with type 2 diabetes to maintain "blood glucose levels in the normal range or as close to normal as is safely possible" (8) . The ADA does state that an understanding of the relation between CVD events and treatments focused at explicitly lowering PPG is critical to reduce mortality as a consequence of CVD (9) .
Most studies confirm that the total carbohydrate intake from either a snack or a meal is a consistent predictor of PPG concentrations (10) . This has been observed in both single-meal (11) and mixed-meal studies (10) . In 2002, the ADA recommended that the carbohydrate and monosaturated fat together should provide 60 -70% of energy intake (8) , and moderate-carbohydrate diets are gaining popularity. Because of the difficulties in shifting large amounts of carbohydrate between meals, we used a moderate-carbohydrate, higher protein, energy-balanced diet (40% carbohydrate, 34% protein, 26% fat) to enable the greatest variation in carbohydrate distribution to be achieved. Studies that used moderate-carbohydrate interventions, comparing isocaloric exchange of carbohydrate with protein, were shown to increase weight loss (12) and fat loss (12) ; to spare lean mass (13) ; to achieve better glycemic control (13) and insulin sensitivity (12) ; to reduce Hb A 1C values (14) ; and to improve the blood lipid profile (12) . Dietary factors other than carbohydrate amount can affect blood glucose concentrations, eg, dietary fiber (15) and glycemic index (GI) (8) . The consumption of protein (16) and fat (17) , preprandial glucose concentrations (18) , the degree of insulin resistance (19) , and second meal effects (20) may also modify the effect of dietary carbohydrate on PPG concentrations. In addition, this study targeted persons with poorly controlled glycemia as a higher risk group for diabetic complications and effective clinical intervention. It was also anticipated that they would be more responsive to carbohydrate variability across the day.
Although persons with type 2 diabetes are often advised to evenly distribute daily carbohydrate intake over meals and snacks to blunt PPG peaks (21) , no studies support whether this approach provides optimal glucose control. The relation between meal frequency and energy distribution but not carbohydrate distribution per se was examined in several small studies (n ҃ 6 -120) (22) (23) (24) . Beebe et al (24) showed that meal frequency did not alter fasting glucose or glucose tolerance, whereas Jenkins et al (22) and Bertelsten et al (23) have shown that an increase in meal frequency and a decrease in meal size lowered PPG concentrations. No studies have examined the role of carbohydrate distribution at meals on daily PPG profiles.
Our aim was to comprehensively assess diurnal glucose profiles in free-living persons with type 2 diabetes, when carbohydrate distribution at meals is variably distributed, but total carbohydrate remains the same. Our use of a continuous blood glucose monitoring system (CGMS) enables a noninvasive approach to measuring PPG responses. We used an isocaloric moderate-carbohydrate, higher protein, energy-balanced diet (40% carbohydrate, 34% protein, 26% fat) consumed as 3 meals for each of 4 intervention periods. We hypothesized that an even distribution of carbohydrates may be an optimum pattern compared with 3 other carbohydrate distribution interventions for attenuating PPG excursions.
SUBJECTS AND METHODS

Subjects
Twenty-four white men (n ҃ 8) and women (n ҃ 16) with type 2 diabetes, aged 30 -75 y, with Hb A 1C values ͧ 6.5% were recruited by public advertisement. Subjects were excluded if they had a malignancy; a history of liver, kidney, or gastrointestinal disease; or were unable to comply with study requirements. All experimental procedures were approved by the human ethics committees of the Commonwealth Scientific Industrial Research Organisation and the University of Adelaide, and all subjects provided written informed consent.
Of the 24 subjects, 11 managed their diabetes by diet, 11 required oral hypoglycemic medication Table 1 .
Measurements
CGMS is a well-recognized tool currently used by health professionals in type 1 diabetes to identify timing and causes of hypoglycemia and hyperglycemic spikes with accuracy similar to that of self-monitoring of blood glucose (SMBG) (25) . A Medtronic MiniMed CGMS (Northridge, CA) was used to obtain continuous glucose readings (26) . Briefly, it consists of 4 components: a sterile, single use glucose oxidase-based electrode sensor system inserted into interstitial fluid, a pager-sized electronic monitor that records and stores data from the sensor, a cable that connects both the monitor and the sensor, and a communication station (Com-Station) that aids in the downloading of data to a personal computer (MEDTRONIC MINIMED software 3.0C program). A senserter, a spring-loaded device, was used to implant the sensor. The sensor obtained a glucose measurement of the extracellular glucose in the range of 2. The mean of the daily differences (MODD) is a term used to evaluate overall interday glycemic variation when CGMS values were used to evaluate blood glucose concentrations (27) . This is the mean of the absolute value of the difference for 2 individual blood glucose values initialized from the time of eating, on 2 different days, during the 20-h time period.
Resting blood pressure was measured by automated oscillometry (model 845XT/XT-IEC; Dinamap, Tampa, FL), with subjects in a seated position. Body height was measured to the nearest 0.1 cm with the use of a stadiometer (SECA, Hamburg, Germany) with subjects barefoot in the free-standing position. Body weight was measured with subjects wearing light clothing 1 All values are x Ȁ SD. Age, systolic blood pressure (SBP), diastolic blood pressure (DBP), activity level, and glycated hemoglobin (Hb A 1c ) were assessed at screening (2 wk before commencing the study). Weight, BMI, and fasting blood glucose (FBG) concentrations were obtained at the week 0 visit. For conversion from mmol/L to mg/dL for blood glucose concentrations, multiply by 17.86. Statistics were performed using a one-factor ANOVA. There were no significant difference between sexes.
with no shoes to the nearest 0.05 kg, with the use of calibrated electronic digital scales (AMZ 14; Mercury, Tokyo, Japan). Daily activity levels were recorded, during each intervention, to 5% accuracy, with the use of a pedometer (model HJ-109, Omron Health Care, Tokyo, Japan).
A venous blood sample was collected in a EDTA-coated tube for the measurement of Hb A 1C with the use of HPLC ion exchange chromatography on a Bio-Rad VARIANT II [Hercules, CA; method certified by the National Glycohemoglobin Standardization Program and secured to the Diabetes Control and Complication Trial (28) at the Institute of Medical and Veterinary Science (Adelaide, Australia)].
Diet
The study consisted of 4 randomized diet treatments in which the ratio of carbohydrate to protein to fat was 40%:34%:26% (7% saturated fat, 9% monounsaturated fat, 9% polyunsaturated fat). Three-day physical activity diaries (29) were used in conjunction with the Schofield equation (30) to determine individualized energy requirements to maintain energy balance. All treatments contained identical foods and differed only in the way the foods were allocated at each meal ( Table 2) . For CARB-E, the carbohydrates were evenly distributed across the day (breakfast: 70.7 Ȁ 2.3 g; lunch: 68.5 Ȁ 2.3 g; dinner: 68.2 Ȁ 2.2 g); for CARB-B, the carbohydrates were loaded at breakfast (breakfast: 128.4 Ȁ 4.2 g; lunch: 37.9 Ȁ 1.2 g; dinner: 38.3 Ȁ 1.3 g); for CARB-L, the carbohydrates were loaded at lunch (breakfast: 40.6 Ȁ 1.3 g; lunch: 125.4 Ȁ 4.1 g; dinner: 39.0 Ȁ 1.3 g); and, for CARB-D, the carbohydrates were loaded at dinner (breakfast: 44.1 Ȁ 1.4 g; lunch: 40.5 Ȁ 1.3 g; dinner: 122.7 Ȁ 0.4 g). All foods were provided. Each 24-h treatment was repeated for 3 consecutive days. The GI of the diet was calculated from international tables (31) . GI data from persons with type 2 diabetes were used when possible. The glycemic load (GL) of a typical serving of food was calculated as the product of the amount of available carbohydrate and the total GI of the food consumed at a given meal (32) ( Table 2 ).
Experimental design
Subjects followed four, 3-d treatment protocols in a randomized crossover study design. Subjects attended the outpatients' clinic on a Monday afternoon. Subjects were weighed before the CGMS sensor was inserted subcutaneously into their abdominal wall or upper buttocks (a palm width below the waist) with the use of the senserter. The CGMS monitor was initialized and calibrated with the use of capillary SMBG measurements (Medisense, Optimum; Abbott Laboratories, Abbott Park, IL) before leaving the clinic in accordance with the Medtronic Minimed operating instructions. The subjects consumed food of their choice for the remainder of the day (excluding alcohol) before fasting from 2000. The subjects calibrated the sensor 3 additional times with the use of SMBG before retiring to bed.
During the following 3 consecutive days, subjects were asked to consume only the provided foods and to calibrate the sensor 4 times daily (before breakfast, lunch, and dinner and at retiring) with the use of SMBG. Kitchen scales were provided (DZC 5000A; Procon Technology, Brisbane, Australia). Subjects were free to consume breakfast at anytime they wanted, provided that meals were consumed 6 h apart. Each day they recorded the number of steps taken, the time of eating episodes, SGBM results, and other matters that could potentially influence glucose values. Subjects also completed weighed food diaries that were analyzed with the use of FOODWORKS software (version 4; Xyris Software, Highgate Hill, Australia). The software is based on Australian Food Composition tables and food manufacturers' data.
On Friday morning subjects returned to the clinic to be weighed, to have the CGMS sensor removed, and to have the data downloaded to the computer. Subjects were also interviewed about dietary compliance, activity levels, and adverse events. The process was repeated for 4 consecutive weeks.
Even though subjects were instructed to consume their meals 6 h apart, the minimum length of time between meals was 5 h. Accordingly, the 24-h CGMS trace was divided into 5-h intervals from the time of meal initiation for breakfast, lunch, and evening meals with a 5-h overnight slice beginning 5 h after consuming the evening meal (fasting block), representing a total of 20 h of blood glucose data during a 24-h period of monitoring. The 3 d of monitoring produced 3 ҂ 20 h of blood glucose data used in the analysis. Outcome was assessed by postprandial peak glucose (G max ), time spent 12 mmol/L (T 12), and total area under the glucose curve (AUC 20 ).
Statistical analysis
All data are presented as means Ȁ SEMs unless otherwise indicated. Statistical analysis was performed with the use of SPSS for WINDOWS 14.0 software (SPSS Inc, Chicago, IL) with statistical significance set at an ␣ level of P 0.05. Dietary compliance data were analyzed with the use of repeatedmeasures analysis of variance with sex as a between-subject factor. The total 20-h glucose AUC responses were calculated with the use of zero as a baseline, with the trapezoidal rule (33) . In the initial analysis of AUC 20 , G max , and T 12, treatment was assessed with the use of a repeated-measures analysis of variance with the use of sex as a between-subject factor. In secondary analysis, FBG was included as a covariate and oral hypoglycemic medication as a factor.
RESULTS
Subjects
With the exception of 1 subject who failed to complete treatment CARB-L, 24 subjects completed at least 1 d of the remaining treatments. Treatments CARB-E, CARB-B, CARB-L, and CARB-D were completed for 3 full days by 21, 22, 19, and 24 subjects, respectively. No adverse events were reported.
Overall the minimum mean compliance to the dietary protocol across all 4 treatments as assessed by energy intake was 96.9% Ȁ 0.9%, and carbohydrate intake was 98.9% Ȁ 0.9% with no significant difference between treatments or sex (n ҃ 23). The mean daily number of steps was 6117 Ȁ 469 with no differences between treatments. No weight change was observed between treatments (data not shown).
Glycemic control
FBG concentrations did not differ significantly between days, by treatment, or by time (Figure 1) . The MODD value was used to assess interday glycemic variation. The MODD value for treatment CARB-E varied between 1.3 and 1.6 mmol/L, representing comparisons between days 1 and 3, 1 and 2, and 2 and 3. Similarly, the MODD value for treatments CARB-B, CARB-L, and CARB-D were 1.3-1.4 mmol/L, 0.0 -1.2 mmol/L, and 1.4 -1.5 mmol/L, respectively. Consequently, because no significant differences within treatment were observed (P 0.05), all available data were used to produce a daily average.
The lowest daily G max values were achieved for CARB-L (14.2 Ȁ 1.0 mmol/L) followed by CARB-E (14.5 Ȁ 0.9 mmol/L) and CARB-D (14.6 Ȁ 0.8 mmol/L) with the highest value for CARB-B (16.5 Ȁ 0.8 mmol/L). A significant difference was observed between treatments overall (P ҃ 0.003), with the difference between CARB-B and CARB-E (P ҃ 0.018), CARB-B and CARB-L (P ҃ 0.002), and CARB-B and CARB-D (P ҃ 0.004) being significant.
In T 12, treatment became significant (P ҃ 0.014) only after adjustment for FBG (P ҃ 0.003) with the lowest values for CARB-L (184 Ȁ 74 min) and CARB-B (190 Ȁ 49 min) and the highest values for CARB-D (234 Ȁ 87 min) and CARB-E (262 Ȁ 91 min). With the glucose AUC 20 data, treatment alone had no effect, but it became significant after adjusting for FBG (P ҃ 0.006) ( Figure 1E , and 6%, respectively. No statistical difference was observed between the CARB-E, CARB-B, CARB-L, and CARB-D treatments when mode of diabetes control (diet, insulin, or other diabetes medication) was included as a between-subject factor for AUC (P ҃ 0.497), G ma x (P ҃ 0.693), or T 12 (P ҃ 0.068).
Glycemic load
Because the daily AUC 20 did not differ significantly across the treatments, it did not matter how the total daily GL was divided across meals. However, this was not the case with T 12 and G max , because both T 12 and G max differed significantly across treatments. In the loaded meals, daily G max was equivalent to meal G max . Meal G max was greatest with CARB-B because this had the greatest meal GL, but this was not true when comparing meal GL to CARB-D and CARB-L. Daily T 12 did not correlate with daily GL. For all 276 meals the correlation between carbohydrate amount and G max was 0.40; ie, carbohydrate amount accounted for only 16% of the variance in G max , whereas the use of GL did not significantly improve the correlation (r ҃ 0.44).
DISCUSSION
The main findings of this study are that a more even distribution of carbohydrates did not provide the most favorable total PPG profile. Lunchtime appeared to be the most favorable time to consume carbohydrates based on G max , AUC 20 , and T 12, but carbohydrate amount and GL at each meal was only weakly related to the G max of that meal, and they accounted for only 16 -17% of the variance in G max .
Data from several large epidemiologic (5, 34, 35) and intervention (36) studies in persons with type 2 diabetes have emphasized the importance of mealtime hyperglycemia as the predominant factor associated with increased risk of cardiovascular morbidity and mortality. Although G max was higher with CARB-B consistent with the higher GL, the G max was lower for CARB-L compared with CARB-D despite a higher GL in the former.
When the T 12 was examined, the lowest mean occurred with CARB-L followed closely by CARB-B, despite its higher peak values. When carbohydrates were loaded in the evening meal, CARB-D, a greater absolute amount of fat, protein, and meal volume at that meal might have led to a more delayed and sustained postprandial peak, the fat slowing the rate of gastric emptying (15) , and the protein-induced insulin release may lower the peak (37). The lowest GL value for the loaded meal in CARB-D could not explain the highest T 12 values for that arrangement.
The highest value for the T 12 occurred with CARB-E; in this arrangement the carbohydrate was evenly distributed across the 3 meals, providing 3 opportunities for sustained PPG output. Because persons with diabetes have excessive basal glucose production in the presence of fasting hyperinsulinemia (38) and defective suppression of endogenous glucose production (39) , repeated exposure to a carbohydrate load is likely to maintain undesirable but consistently higher concentrations of glucose.
Increasing evidence suggests that the postprandial state and indeed the hyperglycemic spikes are a contributing factor to atherosclerosis and the onset of cardiovascular complications. In persons with type 2 diabetes, the Diabetes Intervention Study showed that PPG concentrations after breakfast was found to predict myocardial infarction and mortality in patients with newly diagnosed disease (40) , whereas the San Luigi Gonzaga Diabetes Study showed the postprandial state after lunch predicted the occurrence of cardiovascular events in a 5-yr follow-up study (41) . Because glycemia reached after a 2-h postglucose load as measured by the oral glucose tolerance test was shown to correlate with the postprandial state after a mixed meal (42) , a body of evidence from the DECODE study, the Chicago Heart Study, the Hoorn Study, and the Honolulu Heart study [reviewed in Ceriello (43) ] support a relation between increased postprandial glycemia and cardiovascular risk. Hence, strategies to minimize PPG concentrations are vital to reduce diabetic complications.
Carbohydrate distribution had little influence on 20-h average glucose (AUC 20 ). However, when the data were examined further with the use of the average FBG as a covariate, CARB-L produced a more favorable profile, but the differences from the other treatments were small (4 -6%).
Overall, CARB-L resulted in lower AUC 20 , G max , and T 12 values; this represented the most favorable time to eat carbohydrate. On the basis of weight stability, dietary compliance, low but stable activity levels, the provision of all food, and the similarity between each day of the same treatment, the glucose changes that resulted from consuming the prescribed treatments were considered to be mainly attributed to the distribution of carbohydrates and not other confounding factors (15) . Other observations included a trend toward a higher FBG value compared with premeal blood glucose values, with lower premeal glucose values throughout the day, as observed by others (10) , with values returning to approximately the same values the following morning, which is in part explained by circadian rhythm (44) (Figure 1 ).
Although we expected to see some variability in interday glycemia because of subtle differences in timing of exercise, meals, and medication and poor health, the interday glycemic variation expressed as the MODD showed a maximum value of 1.6 mmol/L across all 4 treatments, essentially little difference in glycemic response across the 3 treatment days. This variability is much smaller than the MODD value of 4.3 mmol/L observed by others in subjects with type 2 diabetes (27) and was due to the tight control and reproducibility of food consumption during the 3 d in our study.
Limitations to the study include variability in the data highlighted by individual differences in maximum glucose response times to a carbohydrate load; the differences in lag times observed were up to 105 min. This led to discrepancies observed between the maximum glucose concentrations calculated for G max compared with the maximum glucose values resulting from AUC 20 . A possible explanation for this may be the highly variable rate of gastric emptying observed in subjects with type 2 diabetes (45), the different action of medication in 11 subjects (sulfonylureas that stimulate the pancreas to produce more insulin and biguanides that reduce the amount of glucose produced by the liver) (46) , and the amount of glucose absorbed from food along with an insulin-sensitizing effect on muscle tissue through nonoxidative pathways (47) .
The strengths of this study include the use of CGMS as a noninvasive diurnal glucose monitoring tool in free-living persons. Without the use of the CGMS sensors, it would have been impossible to detect the dynamic changes in blood glucose concentrations that cannot be detected with intermittent SMBG. The study diet composition of the main meals was similar to that of a higher carbohydrate diet, which, in addition to 3 main meals, incorporated higher carbohydrate snacks (48) . The lower carbohydrate diet also enabled the greatest variation in carbohydrate distribution to be achieved. It was anticipated that persons with poorly controlled diabetes would be more responsive to carbohydrate variability across the day. Meal frequency and energy distribution were selected to reflect what many working persons with diabetes had reported in previous studies conducted by our group (data not published) and other groups (49) . Exceptional compliance across all 4 treatments we believe was in part due to the provision of all foods and the selection of commonly consumed items in the Australian diet. In addition, continuous glucose monitoring enabled a detailed glucose profile to be obtained.
In conclusion, our results show for this acute study in persons with poorly controlled diabetes that on a 40% carbohydrate dietary pattern even carbohydrate distribution is not optimal for minimizing PPG peaks. Minimizing carbohydrate at breakfast and shifting it to the lunch meal may provide lower diurnal glucose excursions (AUC 20 , T 12, and G max ). Importantly, we consider these studies in support of concept studies. Larger chronic studies involving subjects of different nationalities would be required to determine the applicability of this approach to in the management of type 2 diabetes.
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